Introduction: Computerized respiratory sounds (CRS) are a simple and non-invasive measure to 2 assess lung function. Nevertheless, their potential to detect changes after pulmonary 3 rehabilitation (PR) is unknown and needs clarification if respiratory acoustics are to be used in 4 clinical practice. Thus, this study investigated the short-and mid-term effects of PR on CRS in 5 subjects with COPD.
12
Dyspnea. Dyspnea at rest was assessed with the modified Borg scale. 20 Subjects were asked to 13 rate their dyspnea from 0 to 10.
14 Self-reported sputum. Self-reported sputum was assessed using a numerical rating scale from 0
15
to 10 anchored at either end with a statement ('no sputum at all'=0; 'the worst sputum 16 imaginable'=10). Subjects were asked to select the number that best represented their 17 subjective perception. 21 
18
Lung function. A spirometric test, using a portable spirometer (MicroLab 3500, CareFusion,
19
Kent, UK), was performed according to standardized guidelines. 22 
20
Exercise tolerance. Exercise tolerance was measured using the 6-minute walk test (6MWT).
21
Two tests were performed according to the protocol described by the American Thoracic
22
Society 23 and the best performance was considered. Health-related quality of life. The St. George's Respiratory Questionnaire (SGRQ), with its three 1 domains (symptoms, activities and impact), was used. 26 Scores range from 0 (no impairment) to 2 100 (maximum impairment).
3
Primary outcomes 4
Computerized respiratory sounds. After 5-min of quiet sitting, airflow and respiratory sounds
5
were acquired simultaneously during 20 seconds. 27 Subjects were in a seated-upright position,
6
wearing a nose clip and breathing through a mouthpiece connected to a heated 7 pneumotachograph (3830, Hans Rudolph, Inc., Shawnee, KS, USA). A peak airflow of 0.4-0.6 8 l/s was selected as computerized respiratory sounds have been shown to be reliable at this 9 airflow range in subjects with COPD. 28 Subjects had visual biofeedback of the flow signal (RSS
10
100R Research Pneumotach System, Hans Rudolph, Shawnee, KS, USA) and were instructed 11 to maintain the flow between two horizontal lines. Recording was preceded by a training phase
12
of at least 3 breathing cycles.
13
Recordings were performed simultaneously at right and left posterior chest (5 cm laterally from 
18
Coimbra, PT) in the main tube, were attached to the subject's skin with adhesive tape (Soft This multi-algorithm technique showed a 7% performance improvement over the best individual 2 algorithm. 31 Wheezes were detected using an algorithm based on time-frequency analysis.
3
The mean number of crackles and the wheeze occupation rate (proportion of the breathing 4 phase occupied by wheezes) during inspiration and expiration were extracted per chest location
5
(right and left posterior chest).
6
Normal respiratory sounds were analyzed based on the methodology proposed by 7
Pasterkamp, 33 after excluding adventitious respiratory sounds. The median frequency (F50) and 8 the mean intensity were determined for the two most commonly analyzed frequency bands, i.e., 9 100 to 300Hz and 300 to 600Hz and extracted per breathing phase and per chest location.
33, 34
10
Statistical Analysis

11
A power calculation was not performed since there is no published data using computerized 12 respiratory sounds to assess the effects of PR in subjects with COPD. Descriptive statistics
13
were used to describe the sample and to examine the outcome measures. Differences between 14 subjects who completed the study and dropouts were tested using independent t-tests for
15
continuous normally distributed data, Mann-Whitney U tests for continuous non-normally
16
distributed data and chi-square tests for categorical data.
17
Computerized respiratory sounds were explored between right and left posterior chest,
18
however, no significant differences were found. Hence, data from both locations were pooled to 19 simplify the interpretability of the findings. and very strong (.80-1.00) effect. 35 If the effect of time was significant, pairwise comparisons 1 were performed using Bonferroni correction.
2
Normality was verified for all outcome measures. When data were normally distributed, one-way 3 analysis of variance (ANOVA) with repeated measures was used to establish the effects of time.
4
The effect size was computed via Partial eta-squared as it is the index more commonly reported 5 in the analysis of variance. 36 Partial eta-squared (ƞ 2 ) was interpreted as a small (≥.01), medium 6 (≥.06) or large (≥.14) effect. 36 When the effect of time was significant, post hoc analyzes were 7 conducted with pairwise comparisons using the Bonferroni correction to assess differences 8 across the three time points (baseline, post-PR and 3-months post-PR).
9
When data were not normally distributed, the Friedman test was used, together with the effect 10 size estimate Kendall's W. 35 If the effect of time was significant, post hoc analyzes were
11
conducted with Wilcoxon signed-rank tests using Bonferroni correction.
12
As relationships between computerized respiratory sounds (F50, mean intensity, mean number
13
of crackles and wheeze occupation rate) and secondary outcome measures are yet little 14 understood, correlations with Pearson's coefficient (r) or Spearman's rho (r s ) were explored.
15
Differences on breathing parameters across time were also explored with ANOVAs for repeated 16 measures, as the breathing pattern can play a role in the genesis of normal 37 and adventitious 17 respiratory sounds.
38, 39
18
Statistical analyzes were performed using IBM SPSS Statistics version 20.0 (IBM Corporation,
19
Armonk, NY, USA) and plots were created using GraphPad Prism version 5.01 (GraphPad
20
Software, Inc., La Jolla, CA, USA). The level of significance was set at .05.
21
RESULTS
22
Subjects
23
A total of 51 subjects were enrolled, however the final sample comprised 41 subjects (Figure 1 ).
24
(insert Figure 1) 
25
Subjects were mostly male (85%), had a mean age of 67±9 years old and a mean FEV 1 of
26
69±22% of the predicted (Table 1) . There were no significant differences between completers
27
and dropouts with regard to any of the baseline characteristics (p>.05).
28
(insert in expiratory F50 compared to baseline (MD=-1.9(95%CI -3.3→-0.5)Hz, p=.01 and MD=-10 2(95%CI -3.6→-0.5)Hz, p=.009).
11
No significant differences were seen in the 300 to 600Hz band (inspiration p=.42 and expiration
12
p=.57) (Figure 2 ). Also no significant differences in the mean intensity of normal respiratory 
(insert figure 2)
15
Immediately post-PR, there were weak-to-moderate relationships between inspiratory F50 (300
16
to 600Hz band) and SGRQ symptoms (r=.57; p<.001), SGRQ total (r=.52; p=.001), rest 17 dyspnea (r=.41; p=.008) and self-reported sputum (r=.33; p=.04).
18
Crackles
19
All subjects had inspiratory crackles across the different time points, however the frequency of 20 subjects with expiratory crackles decreased across time (p=.005; Kendall's W=.13). Expiratory
21
crackles were present in all subjects before the intervention whereas after PR expiratory 22 crackles were found in 34 (82.9%; p=.004) subjects and at 3-months post-PR in 37 (90.2%; 23 p=.19) subjects. Also no significant difference was found in the frequency of subjects with 24 expiratory crackles between post-PR and 3-months post-PR (p=.49).
25
The mean number of inspiratory crackles did not change significantly across time (p=.51)
26
( Figure 3 ). Expiratory crackles, however, changed across the three time points (p=.01; ƞ 2 =.07).
27
Their mean number was significantly lower immediately after PR, compared to baseline (MD=- immediately after PR they were only 6 (14.6%; p=.06) and 9 (22%; p=.01) and at 3-months 8 post-PR, 4 (9.8%; p=.006) and 8 (19.5%; p=.004), respectively. No significant differences were 9 observed in the frequency of subjects with inspiratory/expiratory wheezes between post-PR and 10 3-months post-PR (p=1).
11 Figure 5 shows the behavior of wheeze occupation rate over time of subjects with wheezes at 12 baseline. Inspiratory wheeze occupation rate changed across the three time points (p<0.001;
13
Kendall's W=.51). Post hoc analysis was conducted with a Bonferroni correction. Inspiratory 14 wheeze occupation rate was significantly lower after PR (median 0) compared to the baseline 15 (median 5.9, p=.001). Expiratory wheeze occupation rate changed significantly across time
16
(p<0.003; Kendall's W=.31), however, during post-hoc tests no significant results were found.
17
Only a tendency for lower expiratory wheeze occupation rate after PR (median 0.8) compared
18
to baseline (median 8.9) (p=.04) was observed ( Figure 4 ).
19
(insert figure 4) 
20
In subjects with no inspiratory (n=29; 70.7%) or expiratory (n=24; 58.5%) wheezes at baseline, 21 no significant differences in the behavior of inspiratory (medians of 0 at baseline, post-PR and
22
3-months post-PR; p=.77) or expiratory (medians of 0 at baseline and 3-months post-PR and 23 median of 2 post-PR; p=.54) wheeze occupation rates were found across the three time points.
24
A moderate correlation between expiratory wheeze occupation rate and FEV 1 was verified (r s =-
25
.35; p=.03) before the intervention. No other relationships were found.
26
Breathing pattern
27
No significant differences over time were observed on inspiratory/expiratory flow (p=.06 and 28 p=.12), volume (p=.14 and p=.18) or time (p=.48 and p=.58) during the recordings of respiratory 29 sounds ( Figure 5 ). To the best of authors' knowledge, this was the first study investigating the effects of PR on 3 computerized respiratory sounds in subjects with COPD. The main findings indicated that F50
4
of normal respiratory sounds, number of crackles and wheeze occupation rate were able to 5 detect significant differences in lung function immediately post-PR and that most of these 6 effects were not maintained at 3 months.
7
The mean frequency of normal respiratory sounds was sensitive to PR, while intensity remained 
22
and subjects' symptoms (SQRQ symptoms, rest dyspnea, self-reported sputum) and health-23 related quality of life (SGRQ total) were only found at this high frequency band (300-600Hz).
24
Future studies assessing the effects of PR on normal respiratory sounds of subjects with acute 25 exacerbation of COPD should therefore consider both low and high frequency bands.
26
The mean number of inspiratory crackles did not change across time, but it is well-known that
27
COPD is characterized by inspiratory crackles. 
23
Moreover, an analysis of the breathing pattern parameters showed that no changes over time
24
were observed. In addition, respiratory sounds were recorded at an airflow of 0.4-0.6 l/s, which
25
has already been shown to be reliable in subjects with COPD. 28 Nonetheless, the interpretation
26
of the results from this study should be tempered considering the following limitations.
27
Computerized respiratory sounds have high inter-subject variability among subjects with
28
COPD. 28 To minimize the bias, each subjects served as his/her own control, but a control group 29 was not included. Future research examining changes in respiratory acoustics could use cross- In these studies, any component that is related to the differences between subjects can be 2 removed from comparisons. 60 To confirm the stability of subjects' respiratory acoustics, two 3 baseline computerized respiratory sound recordings were collected with only 1-week interval. 
4
Data are presented as mean ± 95% confidence intervals. Significant different from baseline (*).
5
PR, pulmonary rehabilitation; 3M, 3-months. assessments were performed by two physiotherapists and the order was standardized.
10
Outcome Measures
11
Secondary outcomes
12
15
18
19
20
21
Two tests were performed according to the protocol described by the American Thoracic were acquired simultaneously during 20 seconds. 27 Subjects were in a seated-upright position,
6
wearing a nose clip and breathing through a mouthpiece connected to a heated 
23
All generated files were processed using algorithms written in Matlab®R2009a (Mathworks,
24
Natick, MA, USA). Breathing phases were automatically detected using the positive and 
6
33, 34
Statistical Analysis
11
13
15
16
17
18
however, no significant differences were found. Hence, data from both locations were pooled to 19 simplify the interpretability of the findings.
20
Computerized respiratory sounds and breathing pattern (inspiratory/expiratory airflow, volume
21
and time) parameters were compared between baseline 1 and baseline 2 with paired t-tests for
22
normally distributed data or Wilcoxon signed-rank test for non-normally distributed data. After
23
confirming that there were no significant differences, baseline 2, hereafter referred as baseline,
24
was used for further analysis.
25
Subjects were considered to have crackles or wheezes if they had at least a mean of one
26
crackle/wheeze at baseline. To investigate differences in the number of subjects with 
9
11
12
As relationships between computerized respiratory sounds (F50, mean intensity, mean number 
19
Armonk, NY, USA) and plots were created using GraphPad Prism version 5.01 (GraphPad 20 Software, Inc., La Jolla, CA, USA). The level of significance was set at .05.
21
RESULTS
22
Subjects
23
24
25
26
69±22% of the predicted (Table 1 ). There were no significant differences between completers
27
28
(insert There was a significant effect over time in all secondary outcomes (p<.007; ƞ 2 from .12 to .61),
The inspiratory and expiratory F50 of normal respiratory sounds changed only in the 100 to 
11
12
p=.57) (Figure 2 ). Also no significant differences in the mean intensity of normal respiratory 13 sounds (p>.05) were found (Figure 2 ).
(insert figure 2)
15
16
18
Crackles
19
21
25
26
27
Their mean number was significantly lower immediately after PR, compared to baseline (MD=- 3
Wheezes
4
The frequencies of subjects with inspiratory (p=.006, Kendall's W=.08) and expiratory (p=.002;
5
Kendall's W=.09) wheezes were different across time points. Twelve (29.3%) subjects 6 presented inspiratory and 17 (41.5%) expiratory wheezes before the intervention, whereas 7 immediately after PR they were only 6 (14.6%; p=.06) and 9 (22%; p=.01) and at 3-months 8 post-PR, 4 (9.8%; p=.006) and 8 (19.5%; p=.004), respectively. No significant differences were 9 observed in the frequency of subjects with inspiratory/expiratory wheezes between post-PR and 10 3-months post-PR (p=1).
13
Kendall's W=.51). Post hoc analysis was conducted with a Bonferroni correction. Inspiratory 
17
18
19
20
In subjects with no inspiratory (n=29; 70.7%) or expiratory (n=24; 58.5%) wheezes at baseline, 
24
25
26
27
No significant differences over time were observed on inspiratory/expiratory flow (p=.06 and F o r P e e r R e v i e w detect significant differences in lung function immediately post-PR and that most of these 6 effects were not maintained at 3 months.
7
22
24
26
27
23
24
25
26
27
28
COPD. 28 To minimize the bias, each subjects served as his/her own control, but a control group 
4
5
PR, pulmonary rehabilitation; 3M, 3-months. detect changes in lung function after pulmonary rehabilitation is unknown.
8
What this paper contributes to our knowledge 9
Computerized respiratory sounds parameters, namely median frequency of normal respiratory 10 sounds, mean number of crackles and wheeze occupation rate, can be used to measure the 11 short-and mid-term effects of pulmonary rehabilitation in subjects with COPD. Significantly different from baseline (*) and from post-PR (#).
